Chemical and isotopic compositions of hydrothermal fluids from Hatoma Knoll in the southern Okinawa Trough were investigated. The hydrothermal fluids were derived from a single pure hydrothermal fluid source, but they underwent phase separation beneath the seafloor prior to venting. Only vapor-like fluids vent at the Hatoma system, and the most active area is around the center of the crater, based on the location of the maximum temperature and the lowest Clconcentrations. Compared with other hydrothermal systems in the world, at Hatoma the pH and alkalinity, as well as the B, NH 4 + , K, Li, CO 2 , and CH 4 concentrations, were higher, and the Fe and Al concentrations were lower, suggesting that the characteristics of the Hatoma hydrothermal fluids are comparable to those of the other Okinawa Trough hydrothermal fluids. Helium isotope ratios were lower than those of sediment-starved hydrothermal systems, suggesting that 4 He derived from the sediment is supplied to the hydrothermal fluids in Hatoma Knoll. The carbon isotope ratios of CO 2 in the hydrothermal fluids indicate an influence of organic carbon decomposition. The carbon isotope ratios of CH 4 in the hydrothermal fluids imply that most of the CH 4 originated from microbial methane produced in a recharge zone of the hydrothermal system. Although sediment influences are a typical feature of Okinawan Trough hydrothermal fluids, the Hatoma hydrothermal system has the lowest carbon isotope ratios of CH 4 among them, which suggests that Hatoma is the most highly influenced by the sediments in the recharge zone. Thus, the degree of the sediment influences has a variable in each hydrothermal field in the Okinawa Trough.
INTRODUCTION
Chemical and isotopic compositions of hydrothermal fluids can provide information about the sources of their chemical components and processes occurring during hydrothermal circulation beneath the seafloor in the hydrothermal system (Von Damm, 1995) . In the Okinawa Trough, the hydrothermal systems are sediment-covered and have unique features that are different from those in sediment-starved mid-ocean ridges (MORs). The chemical composition of hydrothermal fluids from Okinawa Trough showed high-pH, and high concentrations of NH 4 + , boron (B), and iodine (I) relative to those of hydrothermal fluids from mid-ocean ridges, indicating the influence of terrigenous sediment covering Okinawa Trough (You et al., 1994) . Furthermore, when compared with those from mid-ocean ridges, K and Li concentrations were high, suggesting the influence of acidic rocks (Sakai et al., 1990b) . Moreover, in the most of the hydrothermal systems, phase separation would occur, and hydrothermal fluids of low-Clconcentrations have mainly been detected (e.g., Kawagucci, 2015) . In this study, we collected hydrothermal fluids from the hydrothermal system of Hatoma Knoll in the southern Okinawa Trough and measured their chemical and isotopic compositions. In this paper, we describe the differences and affinities between Hatoma hydrothermal fluids and other hydrothermal fluids in the Okinawa Trough.
GEOLOGICAL SETTING
The Okinawa Trough is a backarc basin that has developed where the Philippine Sea plate is subducting beneath the Eurasian plate ( Fig. 1a ; Lee et al., 1980) . On the basis of water depth and the locations of gaps, the Okinawa Trough has been classified into three parts: north, middle, and south (Fig. 1b) . The northern part of the Okinawa Trough (NOT) is characterized by volcanic activity and includes numerous presently active volcanic islands ( Fig. 1b ; Satsuma Iwo-jima Island at 30∞47¢ N, 130∞18¢ E and the Tokara Islands). Iheya North Knoll and Izena Hole in the middle Okinawa Trough (MOT) are in the backarc area of these volcanic islands (Fig. 1b) . The volcanic activities southward from Iwotori Island cannot be traced by presently active volcanic islands, although old (Miocene and Pliocene) lavas have been found on Kume Island (Fig. 1b ; Nakagawa and Murakami, 1975) . Hatoma Knoll is about 10 km northwest of Daiichi and Daini Kohama Knolls and Iriomote Knoll corresponding to the southern extension of the arc system (Watanabe, 2000) . The southern part of the backarc system is observed only as grabens in the deepest part of the Southern Okinawa Trough (SOT), but no rifting activity is actively occurring at present (Matsumoto et al., 2001) .
Terrigenous sediments from the Eurasian continent cover the seafloor of the trough with a thickness of about 3 km in the SOT area, compared with more than 5 km in the MOT and up to 8 km in the NOT areas (Sibuet et al., 1987) . These sediments are derived from Eurasian Continent or Taiwan (Dou et al., 2010a) . During ODP Leg 195, Site 1202 was drilled off Taiwan at the depth of 1274 m corresponding to the SOT area, confirming the presence of sediments up to 410 m below the seafloor (Shipboard Scientific Party, 2002) . A previous seismic data showed a thickness of 3.4 km of sediment on basalt in the southern Okinawa Trough (Lee et al., 1980) . The Shimajiri Formation, which is 1.3 km thick, overlies the 2.1-km-thick Yaeyama Formation. The Shimajiri Formation is composed of Pliocene turbidites, clays, and ashes from the adjacent land area at that time (Natori, 1976; Suzuki and Sato, 1977) . The Yaeyama Formation is composed of Miocene sand and mud (Hanzawa, 1935) . Both these sedimentary rock formations are rich in organic matter (Motojima and Makino, 1965; Tsuburaya and Sato, 1985) . A layer of basalt about 3.2 km thick underlies these two formations and overlies the continental crust, which is about 7.0 km thick (Lee et al., 1980) . Composition of sediment in the middle Okinawa Trough is, based on cores of IMAGES, biogenic carbonate (15-25%; Chang et al., 2005) and biogenic opal (1.5-4%; Chang et al., 2009; Dou et al., 2010b) . Besides, sediment without inorganic carbon and organic carbon is clay (20-30%), of which major components are illite of 70-80%, followed by smectite of 5-10% (Dou et al., 2010b) . A main source of sediment for Okinawa Trough is the Yangtze River, and the debris derived from continental crust without organic and inorganic carbons is accounted for illite about 60-70% (e.g., Xu et al., 2014) . On the other hand, sediment in the southern Okinawa Trough, based on Site 1202 during ODP Leg 195, contains carbonate of average 6.84% (Chang et al., 2005) . Composition of sediment without inorganic and organic carbons is clay of 30-50%, of which 60-70% is illite and 5-10% is smectite (Diekmann et al., 2008) . A content of biogenic opal could not been found, but a previous study via a sediment trap in the southern Okinawa Trough reported sediment contained carbonate and opal of several percent each (Hung et al., 2003) .
Volcanic rocks from Hatoma Knoll have been classified as andesite to rhyolite by their chemical compositions (Watanabe, 1999) . Basalts and dacite samples have also been collected from Hatoma Knoll (GANSEKI, 2007.10.22) , and the basalts are not the same as mid-ocean ridge basalt (MORB), based on their Sr isotopic ratios and incompatible trace element compositions (Shinjo et al., 1999) . Moreover, the SOT is characterized by a diversity of volcanic rocks (Shinjo et al., 1999; Watanabe, 2000) . Shinjo et al. (1999) reported that volcanic rocks in the SOT are bimodally distributed, with a basalt peak and a rhyolite peak. Basalts and basaltic andesite have been sampled from both Daiichi and Daini Kohama Knolls, which are about 10 km from Hatoma Knoll, and rhyolites have been sampled from Iriomote Knoll, which is 30 km from Hatoma Knoll (Watanabe, 2000) . Watanabe (2000) proposed that these four knolls are the present volcanic front, and pointed out that magma in the SOT is known to have a heterogeneous chemical composition. Shinjo and Kato (2000) proposed that the heterogeneous magma reflects the occurrence of fractionation below the (Letouzey and Kimura, 1986; Pezzopane and Wesnousky, 1989) . MOT and SOT indicate the Middle Okinawa Trough and the Southern Okinawa Trough, respectively. (c) Bathymetric map of Hatoma Knoll (100 m contour interval). The box indicates the area shown in panel d. (d) Bathymetry of the Hatoma hydrothermal field (10 m contour interval). Sampled vents discharging high-temperature fluids are denoted by triangles, and a vent discharging low-temperature fluids, shimmering, is denoted by a circle. seafloor during magma formation.
Hatoma Knoll is in the SOT at 24∞51¢ N, 123∞50¢ E, about 48 km north of Iriomote Island (Fig. 1b) . Its summit is about 500 m above the seafloor of the Okinawa Trough (1900 m below sea level), and the diameter at its base is about 4 km ( Fig. 1c ). On the top of Hatoma Knoll is a south-opening crater with a diameter of about 800 m and a wall about 150 m high ( Figs. 1c and 1d) . A hydrothermal field with a diameter of about 400 m and an estimated area of 16800 m 2 has been discovered in the crater (Watanabe, 1999 (Watanabe, , 2001 , and the field has several hydrothermal vent sites, called (in the Okinawan language) Gusuku (a castle), Oritori (welcome), Chura (beautiful), Iri (west), and Agari (east) (Watanabe, 2001;  Fig. 1d and Table 1a ). At the Gusuku site, there are several active hydrothermal vents: C1, C2, C3, and 189-1 ( Fig. 1d and Table 1a ).
SAMPLES
The hydrothermal fluid samples used in this study were collected from the hydrothermal system on Hatoma Knoll by the manned submersibles Shinkai 2000 and Shinkai 6500 and the remotely operated vehicle Hyper Dolphin Fig. 1. (continued) .
Geochemistry of the Hatoma hydrothermal fluids 497 (Table 1a ). The devices used to sample the fluids were a Water and Hydrothermal-fluid Atsuryoku gas-Tight Sampler (WHATS) (Saegusa et al., 2006; Tsunogai et al., 2003) , a Cheap-WHATS (C-WHATS), a Vacuum sampler, and a titanium syringe-style 'major' sampler (Von Damm et al., 1985b) for hydrothermal fluids, and a Niskin sampler for bottom seawater. C-WHATS samples use a system the same as WHATS, but the valves of its sampler bottles were manually closed using the manipulators of the submersibles contrary to Lupton et al. (2008) , used the same gas-tight bottles as WHATS, and a nozzle was directly attached to each bottle with a gas-tight valve. And before the dive, the air in the bottle was pumped out to a vacuum and the valve was closed; then during the dive, the nozzle was placed into the vent being sampled and the sampler valve was opened by a manipulator of a submersible. Venting fluids were sucked into the bottle, and then the valve was closed by the manipulator until it was gas-tight. A titanium syringestyle 'major' sampler is used to sample hydrothermal fluids from the early period on a hydrothermal study (Von Damm et al., 1985b) , which is like a syringe of titanium with a spring and trigger. After sampling, the sampler is opened on shipboard, and a precipitation in the sampler can be recovered, which has an advantage to measure concentrations of metals in precise (Metz and Trefry, 2000) . The locations of the sampling sites, the samplers used at each site, the features of the hydrothermal vents, and the maximum temperature of the hydrothermal fluids are listed in Table 1a . Dive numbers 2K1181-1189 were performed in 2000, and dive number 6K999-1001 was performed in March 2007 , 3K705-709 in July 2007 , 3K866-873 in 2008 , and 3K1035-1039 (Table  1a ). These fluid samples were taken in duplicate if possible for gas and water chemistry of dissolved components. The bottles of hydrothermal fluid for gas chemistry collected by WHATS, C-WHATS, and Vacuum sampler were connected to a vacuum line as soon as possible after their recovery for dissolved gas extraction; then the fluid in the sample bottle was introduced into an evacuated container containing sulfamic acid and mercury chloride to precipitate hydrogen sulfide from the fluid as mercury sulfide (Konno et al., 2006) . A magnetic stirrer was used to mix the fluid in the container enough to cause degassing of dissolved gases from the fluid and to reach equilibrium between the gas phase and the liquid phase in the container. The gas phase was then expanded into a 50 cm 3 evacuated stainless steel sample canister, the inside pressure was measured, and then the canister was sealed for preservation. Chemical and isotopic compositions of the gas in the canister were measured in on-land laboratories. The residual liquid in the container was analyzed for major chemical components in an on-land laboratory.
In the case of the bottles of hydrothermal fluid for water chemistry, 20 cm 3 of the unfiltered collected sample was first transferred into two vials, each with a volume of 10 cm 3 , for measurement of the hydrogen sulfide concentration (where the samples were inevitably degassed, and the H 2 S data correspond to the minimum value for each sample), pH, and alkalinity, and the remaining fluid was filtered through a disposable syringe filter (pore size: 0.45 mm, ADVANTEC, Mixed Cellulose Ester, non-sterile). Then, 15 cm 3 and 30 cm 3 of the filtered fluid were transferred to a polyethylene bottle, respectively, and 30 cm 3 of them was acidified with 0.3 cm 3 of 3N HNO 3 to lower the pH to less than 2 for cation analyses in the on-land laboratories. On the other hand, 15 cm 3 of them was used for measurement of Si and ammonium concentrations onboard ship within several hours of collection, and the rest fluid of 15 cm 3 after onboard measurements was preserved in a refrigerator for later anion analyses and isotope analyses on land.
ANALYSES
The pH was determined by pH meter and alkalinity was determined by the Gran plot method (Gieskes et al., 1991) at precisions of 0.02 units and 5%, respectively. The H 2 S concentration was determined by the methyl-ene-blue method (Cline, 1969) , with a precision of 10%. The Si concentration was analyzed by the molybdate-blue method (Gieskes et al., 1991) with 2% precision. The NH 4 + concentration was measured by the Indo-phenol method (Gieskes et al., 1991) , with a precision of 7%. The K concentration was measured by Zeeman Atomic Adsorption Spectrometry with 4% precision. The Ca, Mg, and Na concentrations were measured by inductively coupled plasma atomic emission spectrometry, with precisions within 2%. The Clconcentration was measured by the Mohr method (Gieskes et al., 1991) , with a precision of 0.3%. The SO 4 2concentration was measured by ion chromatography with a precision of 4%. The I concentration was determined by induced coupled plasma mass spectrometry with a precision of 5% (Muramatsu et al., 2007) . The Al concentration was determined by fluorometry using Lumogallion with a precision of 2.7% (Obata et al., 2000) .
The concentrations and carbon isotopic ratios of ÂCO 2 (sum of CO 2 , H 2 CO 3 , HCO 3 -, and CO 3 2-), CH 4 , and C 2 H 6 were analyzed by a continuous flow stable isotope mass spectrometry system (Finnigan MAT252); the precision for concentration was 6.5% and that for the isotope ratio was 0.3‰ (Tsunogai et al., 2000) . Concentrations of He and H 2 were determined with a gas chromatograph (GC7000TF; J-Science Lab. Co., Ltd.) equipped with a thermal conductivity detector. The precision was 4% for He and 3% for H 2 . The hydrogen isotopic ratio of water of the liquid samples was measured with a mass spectrometer (VG SIRA10; V-G Isogas Ltd.) equipped with a Cr reactor (Itai and Kusakabe, 2004) at a precision of 0.5‰, which is a simple method using metal chromium for a reductant, not the H 2 -H 2 O equilibration method too hard to strictly control temperature (Coplen et al., 1991) . The oxygen isotopic ratio of water of the liquid samples was measured by mass spectrometer after equilibration of an aliquot of the liquid sample with CO 2 gas (Epstein and Mayeda, 1953) ; the measurement precision was 0.1‰. For the isotope of interest, X, dX is defined by the following expression:
where R samp and R std are the isotope ratios of the sample and standard, respectively. d 13 C(CO 2 ) and d 13 C(CH 4 ) values are expressed relative to the VPDB scale, whereas d 18 O and dD values are both expressed relative to VSMOW. The isotopic ratio of He ( 3 He/ 4 He) and the ratio of He to Ne ( 4 He/ 20 Ne) were measured with a noble gas mass spectrometer (VG5400; V-G Isogas Ltd.; Sano and Wakita, 1988) with precisions of 1.1% and 10%, respectively. The 3 He/ 4 He ratios are presented relative to the atmospheric value, R/R A , where R A is the atmospheric 3 He/ 4 He ratio: 1.39 ¥ 10 -6 .
RESULTS AND DISCUSSION

End-members of the Hatoma hydrothermal fluids
The analytical results for vent fluids from Hatoma Knoll are shown in Table 1a for fluid chemistry, together with the maximum temperatures recorded during sampling, and Table 1b for gas chemistry. Generally, during the hydrothermal circulation, hydrothermal fluids reacted with rocks beneath the seafloor and then became mixed with seawater prior to being vented from the seafloor (e.g., Von Damm, 1995) . In fact, we need to verify whether we can apply the scenario to the Hatoma hydrothermal system. For the purpose, we use a "Mg-diagram" (Von Damm et al., 1985b) . In this diagram, we use the fact that experimental hydrothermal fluids are low-Mg relative to that of seawater (Bischoff and Dickson, 1975; Hajash and Chandler, 1982; Mottl and Holland, 1978; Ogawa et al., 2005; Seyfried Jr. and Bischoff, 1981; Shiraki et al., 1987) . When the pure hydrothermal fluid mixed with the seawater, we can find linear relationships in the Mg-diagram. We can estimate the compositions of the pure hydrothermal fluids as the y-axis intercepts of the diagram (Von Damm et al., 1985b) . We show the diagram in Figs. 2, 3, and 4, and the calculated end-member concentrations are shown in Table 2 . But pH and alkalinity do not behave conservatively with seawater admixing, and we listed the pH and alkalinity values of the sample with the minimum Mg concentration in Table 2a . Table 2a shows the end-member compositions of dissolved elements along with the maximum temperature at each vent site, and Table 2b shows the end-member compositions of gaseous components at each site. The end-member values are also plotted on Fig. 5 relative to the Cl end-member values and compared with those of hydrothermal fluids from the East Pacific Rise (EPR) at 21∞N as a representative of mid-ocean ridge systems (Von Damm et al., 2002) , the Lau and Manus Basins for a comparison to other backarc hydrothermal systems (Mottl et al., 2011; Reeves et al., 2011) , Suiyo seamount and Kermadec arc for that to other arc hydrothermal systems (de Ronde et al., 2011; Tsunogai et al., 1994) , Middle Valley and Guaymas Basin for that to other sedimented systems (Butterfield et al., 1994a; Von Damm et al., 1985a) , and the Okinawa Trough (Minami-Ensei: Chiba et al., 1993; Kawagucci et al., 2013b , Iheya North: Kawagucci et al., 2011 , JADE: Ishibashi et al., 1995 , HAKUREI: Ishibashi et al., 2014 and Yonaguni IV: Konno et al., 2006; Suzuki et al., 2008) . Maximum temperature The highest temperature at each site ranged from 75∞C to 325∞C (Table 2a ). The temperature was higher than 300∞C at the Gusuku, Oritori, and Agari sites located around the center of the crater (Fig.   1d ). At Gusuku, the venting showed a distinctive 'flamelike' discharge, which is usually seen when the hydrothermal fluids are boiling at the seafloor due to the vapor and brine phases being unable to segregate in the vent and making a very reflective 'flame' for the submersible Fig. 1b , and belong to arc systems based on just only the geographical factor. In the same reason, the other hydrothermal systems belong to backarc systems.
. Relationships between the concentration of measured chemical components and the Mg concentration in vent water samples collected for this study from eight vents of the hydrothermal
lighting (Butterfield et al., 1990 (Butterfield et al., , 1994b Hannington et al., 2001; Massoth et al., 1989; Stoffers et al., 2006) . On the other hand, at Chura, the hydrothermal fluids only seeped from the seafloor. Moreover, at Iri, only one mound in a sand field was venting hydrothermal fluids, and macro-organisms, including Bathymodiolus and Galatheidae, had formed a colony with a diameter of several meters around the mound. Therefore, hydrothermal activity is high at Gusuku, but not as high at Chura and Iri. These activity levels can be related to proximity to subsurface heat source; Gusuku would be the closest to the heat source, located around the center of the crater.
On the other hand, Chura would be far from the heat source, located on its western wall. Iri would be also far from the heat source, located in a sand field in the western part of the crater. Gusuku would be at the center of hydrothermal activity in Hatoma Knoll, whereas Chura and Iri are at some distance from the center. pH and alkalinity The pH of the sample with the lowest Mg concentration at each site ranged from 5.0 to 5.7 (Table 2a). These values were measured at room temperature; thus, because the fluids had undergone degassing, these values are just a rough indication of the true values. They are significantly higher, however, than pH values of hydrothermal fluids in MORs, which range about 3-5 on average ( Fig. 5a ; Von Damm, 1995) . Similar results have been reported for other sediment-covered hydrothermal systems, such as Okinawa Trough (4.7-6.8), Middle Valley (5.1), and Guaymas Basin (5.9), where they have been attributed to the decomposition of organic matter in the sediment (Von Damm et al., 1985a) . The end-members at all sites have positive alkalinity ranging from 3.0 to 8.6 meq./L (Table 2a ). These values are higher than those of hydrothermal fluids in MORs ( Fig. 5b) , where hydrothermal fluid is neutralized by water-rock interactions at high temperature. The increased alkalinity have been reported for sediment-covered systems, including Okinawa Trough and Guaymas Basin (Fig.  5b ), which is also responsible for organic decomposition in the sediment (Von Damm et al., 1985a) . On the other hand, alkalinity of backarc and arc hydrothermal fluids are negative, which is completely different from the Hatoma alkalinity ( Fig. 5b) . Anions Chloride (Cl -) is a conservative element and in the Hatoma fluids it showed two end-members: one for the fluids venting at Gusuku and another for those venting at the other sites; Oritori, Agari, Iri, and Chura sites ( Fig. 2a ). The Clconcentration at the hydrothermal source was lower than the Clconcentration of seawater (550 mM), a result that suggests that the hydrothermal fluid boiled (i.e., underwent subcritical phase separation) (Bischoff and Pitzer, 1989) . At Yonaguni IV, Cl-rich fluids and Cl-poor fluids compared with the Cl concentration of seawater vent from the hydrothermal systems (Suzuki et al., 2008) , but only Cl-poor fluids vent from the Hatoma hydrothermal system. At Iheya North, where only vapor was detected on the seafloor, brine was detected below the seafloor during IODP Expedition 331 (Expedition 331 Scientists, 2010) .
Sulfate ions (SO 4 2-) are generally precipitated as anhydrite (CaSO 4 ) during hydrothermal circulation above 130∞C. Because anhydrite becomes less soluble with increasing temperature, hydrothermal fluids are generally free from SO 4 2as well as Mg (Von Damm, 1995) . However, the SO 4 2concentrations deviate slightly from a 1to-1 relationship with Mg, indicating a positive anomaly ( Fig. 2b) . It is possible that during the sampling procedure, some CaSO 4 became mixed with the samples and dissolved before the sample filtration. During sampling, we observed a white precipitate covering the seafloor, and newly built chimneys are composed mainly of anhydrite (i.e., CaSO 4 ; Okamoto et al., 2002) . A covering of white sulfate mineral on the seafloor, observed after drilling, and sulfate precipitation is a distinctive feature of the Okinawa Trough hydrothermal fields (Kawagucci et al., 2013a) . Cations The alkali elements Na, K, and Li are conservative components, and they showed linear relationships relative to the Mg concentrations ( Figs. 2d, 2e , and 2f). The Na concentrations showed a different linear relationship with Mg concentrations in fluid from Gusuku (red symbols) than in fluids from the other vents ( Fig. 2d ). Although both relationships were linear, most of the Gusuku samples were plotted below the line of the data from the other sites ( Fig. 2d ). These distributions can be attributed to phase separation, as described in section 5.3 for chloride. The Na end-member values at Gusuku ranged from 205 to 287 mM, whereas those at the other sites ranged from 283 to 310 mM (Table 2a) . At all sites, the Na end-member concentrations are lower than the seawater concentration (460 mM). In Fig. 5c , the Na values are compared with those in MOR hydrothermal fluids. The Na/Cl ratios obtained from the Hatoma hydrothermal fluids are lower than the ratios in EPR hydrothermal fluids and the seawater ratio (Fig. 5c ), and they are comparable to the ratios in Yonaguni IV fluid from the Okinawa Trough (Fig. 5c ).
The K concentrations showed also two end-members, one for the Gusuku samples and another for the other samples ( Fig. 2e ). The K end-member values ranged from 40.8 to 54.7 mM at Gusuku and were lower than those at the other sites, which ranged from 50.4 to 55.2 mM (Table 2a). All K end-member values were higher than the seawater concentration (10 mM), and also higher than values in hydrothermal fluids in MOR systems (Fig. 5d ). Such K enrichment has been detected in other hydrothermal systems related to arc-backarc systems, namely, other systems in the Okinawa Trough (Sakai et al., 1990b) and the Manus Basin in the Bismarck Sea north of Papua New Guinea , as well as at Hatoma Knoll (Nakano et al., 2001) . The K enrichment is attributed to the interaction of the hydrothermal fluids with felsic host rocks of the hydrothermal systems (Nakano et al., 2001; Reeves et al., 2011; Sakai et al., 1990b) . As shown in Fig. 5d , the K/Cl ratios in the Hatoma data are compatible with other Okinawa Trough data but not with MOR data.
The Li concentrations also showed two linear relationships relative to Mg concentrations (Fig. 2f) ; the Gusuku and Iri samples had relatively lower concentrations compared with samples from the other sites, although higher than the seawater concentration (28 mM). The Li was also probably derived from felsic host rocks of the hydrothermal system, but the enrichment was not as great as the K enrichment ( Fig. 5e ). Enrichment in Li, as well as in K, is a specific feature of Okinawa Trough hydrothermal fluids ( Fig. 5e ).
Ca and Sr were linearly related to the Mg concentration but with considerable scatter (Figs. 2g and 2h). These results suggest that when these samples were obtained, anhydrites became dissolved in the sampling tube or bottle, just as it may have occurred in the case of sulfate (see Subsection "Influences of sediments on Hatoma hydrothermal chemistry"). The end-member concentrations of Ca at all sites except C1 were higher than the seawater concentration of 10 mM (Table 2a ). In contrast, the endmember concentrations of Sr at all sites were lower than the seawater concentration (87 mM) (Table 2a) .
When the Ca end-members from Hatoma Knoll are compared with other hydrothermal end-members, their values correspond to those from the other hydrothermal fields in the Okinawa Trough, which are slightly higher than those from EPR (Fig. 5f ). Other hydrothermal fields related to arc-backarc systems show Ca enrichment, but the hydrothermal fields in the Okinawa Trough do not show a very great enrichment more than 30 mM. The homogeneous Ca/Cl ratios in Okinawa Trough hydrothermal fluids are one of their distinctive features (Fig. 5f) .
Ba concentrations showed a non-linear relationship with Mg concentrations (Fig. 2i ), so we did not calculate an end-member value. The nonlinearity of the relationship of Ba to Mg can be explained by the low solubility of Ba at lower temperatures. Because most samples were not collected by a 'major' sampler (Table 1) , as the hydrothermal fluid sample cooled, Ba would have precipitated out of solution and been removed during sample filtration. It is not due to seawater mixing, because Ba is not preserved even in Mg-free samples (Fig. 2i ). It would be due to cooling after sampling in the bottle of the sampler and/or the tube between the inlet and the bottle of the sampler.
Mn concentrations were linearly related to Mg con-centrations, and we identified two end-members, as with many of the other elements (Fig. 3a) . The Mn end-member concentrations at Gusuku were 402-580 mM, and 473-659 mM at the other sites (Table 2a ). Seawater contains very little Mn, so the end-member values are remarkably higher than the seawater concentration. Comparison of the end-member values at Hatoma with values for other hydrothermal fields in the world showed that they are equivalent to those of the EPR (data not shown).
Fe concentrations showed a non-linear relationship with Mg concentrations (Fig. 3b) . As with Mn, the nonlinearity of the Fe to Mg relationships can be explained by the low solubility of Fe at lower temperatures. As the hydrothermal fluid sample cooled, Fe would have precipitated out of solution and been removed during sample filtration (Fig. 3b) , like as Ba. We did not calculate Fe end-member values. In the Okinawa Trough, Fe does not show a linear relationship with the Mg concentration in hydrothermal fluids, and few end-member concentrations have been reported, except at Yonaguni IV Knoll. The Fe end-member concentration in the Yonaguni IV hydrothermal fluids is as low as 0.41 mM (Suzuki et al., 2008) , lower than EPR values (~1 mM; Von Damm et al., 2002) . The maximum concentration of Fe in this study is not as high as 0.01 mM (Fig. 3b) , and it can be inferred, at least, that Fe concentrations in the Hatoma hydrothermal fluids are lower than EPR values.
The Al data are scarce and a general trend cannot be inferred, but the end-member concentrations calculated for each site ranged from 3.6 to 6.0 mM (Table 2a) . These values are relatively low compared with reported concentrations in global hydrothermal fluids, though the data are poor.
Generally, the concentrations of these metals in sediment-covered hydrothermal systems are lower than those in sediment-starved systems because of the lower solubility of metals at lower temperature (Cruse and Seewald, 2001) . Actually, the Okinawa Trough is a sediment-hosted arc-backarc system, and all of its hydrothermal systems showed lower metal concentrations than those of MORs (Table 2a ). It implies the Okinawa Trough hydrothermal fluids may have higher temperature than those observed at the seafloor, and the covering sediments could facilitate subsurface cooling and re-equilibration at relatively low temperature before venting at the seafloor to decrease metal concentrations. The metal-poor character of the Okinawa Trough hydrothermal fluids compared with sediment-starved MOR hydrothermal fluids is another distinguishing feature of Okinawa Trough hydrothermal systems. Si, I, NH 4 + , and B Si is a neutral species, and its relationship with Mg concentrations is similar to those of the alkali elements (Fig. 3d ). All of the Si end-member values were higher than the seawater concentration (Table 2a ).
Those at Gusuku ranged from 6.4-11.3 mM, whereas those at other sites were 8.3-13.0 mM, which shows that Si was enriched at the other sites more than at Gusuku. This result is consistent with the distribution of the other components. Si is expected to equilibrate with quartz, which is one of the main components of many rocks, according to the equilibrium temperature and pressure, that is, water depth (Von Damm et al., 1991) . Si concentration of a hydrothermal fluid has been used for evaluation of the equilibrium temperature and pressure between the hydrothermal fluid and quartz (Von Damm et al., 1991) .
I, NH 4 + , and B concentrations were linearly related to Mg concentrations (Figs. 2c, 3e, and 3f) . The concentrations of each showed two main end-members, one for the Gusuku site and the other for other sites (Figs. 2c, 3e , and 3f). The NH 4 + distribution in particular differed between Gusuku and the other sites, with Gusuku samples having higher concentrations. This finding removes doubts that the Gusuku samples might have been contaminated by the ultrapure water that was used to fill the gas-tight bottles of the WHATS and C-WHATS samplers before each dive. The distribution of NH 4 + suggests NH 4 + would behave as one of components concentrated in vapor when a hydrothermal fluid boils; for example as NH 3 (Butterfield et al., 2003) . The end-member concentrations of I, NH 4 + , and B were calculated (Table 2a ). All three were more abundant in the hydrothermal fluid than they are in seawater, and their concentrations are extremely high compared with those in sediment-starved hydrothermal systems (Fig. 5g ). I, NH 4 + , and B can originate from the decomposition of organic matter (Lilley et al., 1993; You et al., 1994) , and their enrichment is a distinctive feature of hydrothermal chemistry in the Okinawa Trough, where the seafloor is covered by a large amount of sediments (Ishibashi et al., 1995; Kawagucci et al., 2011 Kawagucci et al., , 2013b Suzuki et al., 2008) . Gaseous components The CO 2 , H 2 S, CH 4 , H 2 , C 2 H 6 , C 3 H 8 , He, and 3 He concentrations showed non-linear relationships with Mg concentrations (Figs. 4a-g). Because hydrothermal fluids undergo phase separation beneath the seafloor, the end-member concentrations of these gaseous components could not be determined using a linear relation to the Mg concentrations, so the maximum concentrations among the samples from each vent are listed in Table 2b .
These values of CO 2 ranged from 97 to 1770 mM (Fig.  4a) , all of which are definitely higher than the concentrations from EPR (Fig. 5h ), of which the upper limit is in excess of CO 2 solubility at the seafloor (Duan and Sun, 2003) . This result is similar to results reported for other hydrothermal systems related to arc-backarc systems or sediment-covered systems (Fig. 5h) . The high concentrations are attributable to influences from subducting materials or covering sediments (Ishibashi et al., 1995; Sakai et al., 1990b) . The hydrothermal systems of the Okinawa Trough, where the world's first CO 2 hydrates were discovered at Izena Hole (Sakai et al., 1990a) and a "lake" of liquid CO 2 was pointed out beneath the surface at Yonaguni IV Knoll (Inagaki et al., 2006) , are representative for the CO 2 enrichments in hydrothermal fluids. Hydrothermal fluids in the Okinawa Trough contain a large amount of CO 2 relative to other hydrothermal systems; Izena Hole (Ishibashi et al., 1995) , Iheya North Knoll (Kawagucci et al., 2011) , and Minami-Ensei Knoll (Kawagucci et al., 2013b) . Thus, a high CO 2 concentration is another distinctive feature of Okinawa Trough hydrothermal chemistry.
The highest concentrations of H 2 S among the samples from each vent range from 13.5 to 40.9 mM (Table  2b ). As mentioned above, in our sampling for H 2 S analysis, the samples are inevitably suffered to degassing, and the H 2 S data are the minimum value for the samples. Even though the data are the minimum value, they are apparently higher than the concentration in seawater, which contains hardly any H 2 S. Moreover, when compared with concentrations in MORs (EPR: 3.3-8.7 mM), the Hatoma values are relatively higher. The high concentrations are comparable to those of the Manus hydrothermal fluids; 1.4-20.8 mM . In the H 2 S concentration, the other Okinawa Trough hydrothermal fluids are not so high; 4.5 mM for Iheya North (Kawagucci et al., 2011) , 5.6 mM for JADE (Ishibashi et al., 2014) , and 5.3 mM for HAKUREI (Ishibashi et al., 2014) . As mentioned-above based on the metal concentrations (see Subsection "End-members of the Hatoma hydrothermal fluids"), H 2 S generally precipitate as sulfide in subsurface sediments in sedimented hydrothermal systems (Cruse and Seewald, 2001) , and the Okinawa Trough hydrothermal fluids are no exception based on the observed metal concentrations (see Subsection "End-members of the Hatoma hydrothermal fluids"). Even though sulfide precipitation occurred, hydrogen sulfide concentrations in the Hatoma hydrothermal fluids are very high up to 40.9 mM, which would be due to phase separation and the Hatoma hydrothermal fluids are very gas-rich fluids including H 2 S, CO 2 , and the other gases, especially C2 vent in Gusuku site (Table 1b) . This fact support also the view that Gusuku site is the most active site.
The CH 4 maximum concentrations ranged from 2.9 to 20.8 mM (Table 2b) , which are obviously higher than the concentration in seawater, which has a CH 4 concentration of several nanomolars. When the CH 4 maximum concentrations at Hatoma are compared with those of other hydrothermal fluids in the world, they occupy the high end of the concentration range (Fig. 5i ). Other Okinawa Trough hydrothermal fluids show CH 4 concentrations similar to those of the Hatoma fluids (Fig. 5i ). The C 2 H 6 maximum concentrations ranged between 11.0 and 40.0 mM (Table 2b) . C 3 H 8 was not detected in most samples, and the C 3 H 8 maximum concentrations ranged from 33 nM to 3.8 mM (Table 1b) .
The H 2 maximum concentrations ranged between 41 and 1228 mM (Table 2b) ; these values are higher than the concentration in seawater and comparable to EPR and Yonaguni IV values. They are also higher than concentrations in arc hydrothermal systems, and lower than those in ultramafic-rock-hosted hydrothermal systems. H 2 originates from fluid-basalt interaction (Seyfried Jr. and Ding, 1995; Seyfried Jr. et al., 1991) , organic matter oxidation in sediment at high temperature condition (Cruse and Seewald, 2006) , microbial fermentation in sediment column at relatively lower condition (Dolfing, 1988) or from serpentinization of olivine in ultramafic rocks (Charlou et al., 2002) . Ultramafic rocks and serpentine, however, have never been observed in the Okinawa Trough, though felsic rocks and sediments have often been reported (see references in Glasby and Notsu (2003) ). In the Okinawa Trough, H 2 concentrations in the hydrothermal fluids show a significant variation; 1-62 mM for Minami-Ensei (Kawagucci et al., 2013b) , 230 mM for Iheya North (Kawagucci et al., 2011) , 50-60 mM for JADE (Ishibashi et al., 2014) , 1.35 mM for HAKUREI (Ishibashi et al., 2014) , 0.8-3.8 mM for Yonaguni IV (Konno et al., 2006) . The Hatoma data, 41 mM-1.23 mM, fall into the Okinawa Trough range; 1 mM-3.8 mM. Compared to the EPR hydrothermal fluids containing H 2 from 30 mM to 3 mM (Von Damm et al., 2002) , the Okinawa Trough hydrothermal fluids do not contain so much H 2 . These values are higher than those of the Manus Basin (2.4-300 mM; Reeves et al., 2011) and the Kermadec arc (8.7-72 mM; de Ronde et al., 2011; Takai et al., 2009) .
He was scarcely detected (Table 1b) , and its concentrations were not linearly related to Mg concentrations (Fig. 4f ). In Table 2b , we list the highest value, 1.2 mM, which was detected at 189-1. Reported He concentrations in global hydrothermal systems range from 0.3 to 2.78 mM. Those detected in the Hatoma hydrothermal fluids fall within this reported range. Concentrations of 3 He were calculated from He concentrations and 3 He/ 4 He ratios. The relationship between 3 He and Mg was similar to that of He with Mg (Fig. 4g ). The highest measured value around 10 pM (Fig. 4g) , falls within the range of values from other hydrothermal systems (3.3-31.5 pM). Isotopes End-member isotope ratios of CH 4 are estimated from the intercept of the y-axis when the isotope ratio is plotted against the reciprocal of its concentration (Keeling, 1961) . Estimates of this type are based on the assumption that the background concentration is negligible relative to the end-member concentration. In the case of methane, the background CH 4 concentration in seawater is several nanomolars, whereas that in hydrothermal fluid is several tens of millimolars, a seven order of magnitude difference. The d 13 C(CH 4 ) values showed a nonlinear relationship with 1/CH 4 . At Gusuku, d 13 C(CH 4 ) in CH 4 -rich samples were between -53.1‰ and -49.1‰ (all values are relative to VPDB), and at the other sites they were -54.5‰ and -49.5‰ (Table 2b ). Although the Gusuku samples showed more scattering than the other samples, the range of values was not very different; in both cases the average was around -52‰. d 13 C(CH 4 ) values in fluids from unsedimented MOR hydrothermal systems measured to date range from -20.8‰ to -8.0‰ (McCollom and Seewald, 2007) , whereas in sedimented hydrothermal fluids at Juan de Fuca Ridge (JFR) they range from -56‰ to -43‰ (McCollom, 2008; Proskurowski et al., 2006) , and they range from -55‰ to -25‰ in the Okinawa Trough (Ishibashi et al., 1995; Kawagucci et al., 2011 Kawagucci et al., , 2013b Konno et al., 2006) . The lowest d 13 C(CH 4 ) reported value among Okinawa Trough hydrothermal fluids is from Iheya North Knoll, -55‰ (Kawagucci et al., 2011) . The Hatoma d 13 C(CH 4 ) values are therefore similar to the Iheya North value.
End-member isotope ratios of CO 2 are estimated from mass balance equation below:
where [CO 2 ] is the concentration of CO 2 , d 13 C(CO 2 ) is the carbon isotopic composition of CO 2 , t is the mixing ratio of hydrothermal fluid in the sample (calculated from the measured Mg concentration), the subscripts obs and SW refer to the sample and seawater components, respectively, and the super script * refers to the end-member component. The end-member d 13 C(CO 2 ) values determined in this manner ranged from -16.2‰ to -3.4‰ (Table 2b), all of which are lower than the seawater ratio (0‰), but they have a wide range more than that of other unsedimented MOR hydrothermal fluids (-13.0‰ to -3.2‰) (Charlou et al., 1996 (Charlou et al., , 2002 McCollom and Seewald, 2007) . The 3 He/ 4 He ratios (R/R A ) ranged from 0.41 to 7.23, where R is the sample ratio and R A is the ratio in air (Table 1b). The 4 He/ 20 Ne ratios ranged between 0.17 and 232. 20 Ne is extraordinarily enriched in the air and seawater relative to in the mantle and crust, so it is used to calculate a corrected helium isotope ratio for mixing with seawater, under the assumption that all 20 Ne is ultimately derived from the air (Craig et al., 1978) :
where R C /R A represents the corrected helium isotope ratio, N obs the observed 4 He/ 20 Ne value, and N ASW the 4 He/ 20 Ne ratio in seawater equilibrated with air (0.25) (Sano et al., 2006) . We calculated the average (±standard deviation) of the corrected helium isotope ratio at each site (Table 2b ). Here, we excluded samples with 4 He/ 20 Ne ratios of less than 1 from further analysis because the corrected values showed large errors. The corrected helium isotope ratios in the Hatoma hydrothermal fluids were 5.9-7.2 (Table 2b ). The helium isotope ratios at Chura were slightly lower than those at the other sites. The Hatoma values are lower than those in MOR hydrothermal fluids (around 8.09 ± 0.49) (Sano and Fischer, 2013) , and values in sediment-starved backarc hydrothermal fluids are between 7.4-12.0 (Fourre et al., 2006) , which overlap 7.72-7.83 for the Lau Basin (Takai et al., 2008b) , 8.04-10.0 for the North Fiji Basin , 8.5 for Alice Springs , and 8.09-8.37 for the southernmost Mariana Trough near 13∞N . Although the values in sedimentstarved arc hydrothermal fluids are between 6.59-8.35 (Lupton et al., 2008) , which overlaps the values in the other sediment-starved arc hydrothermal fluids; 8.1 for Suiyo Seamount (Tsunogai et al., 1994) , 8.01 for Forecast field , and 6.9-7.2 for Brother Seamount (de Ronde et al., 2011) , the Hatoma values are lower than the lowest value among those in sedimentstarved arc hydrothermal fluids. The Hatoma values correspond to reported values from other hydrothermal fluids in the Okinawa Trough: 7.0 from Minami-Ensei (Kawagucci et al., 2013b) , 7.1 from Iheya North (Kawagucci et al., 2011) , 5.8 from JADE (Ishibashi et al., 1995) , and 4.7-6.5 from HAKUREI (Ishibashi et al., 2014) . Thus, although the Hatoma values vary widely (5.9-7.2), they fall within reported ranges for Okinawa Trough hydrothermal fields.
The oxygen isotopic composition (d 18 O) of H 2 O in the hydrothermal fluid showed two end-members (Fig. 4h) ; the values calculated for Gusuku were +1.1‰ to +2.2‰, which are relatively lower than those calculated for the other sites, +1.9‰ to +2.1‰ (Table 2b ). Both sets of endmember values are higher than the seawater value of around 0‰. The hydrogen isotopic ratios of H 2 O in the hydrothermal fluid (dD) were scattered (Fig. 4i) ; the range of the calculated end-member values at Gusuku (-6.7‰ to -2.7‰) was particularly broad (Fig. 4i) , compared with -4.8‰ to -2.4‰ at the other sites (Table 2b ). The values in both cases are lower than the seawater ratio of around 0‰. The isotope data in the Hatoma fluids (i.e., positive d 18 O and negative dD values) are different from those in the MOR fluids having both positive d 18 O and dD (Shanks, 2001; Shanks et al., 1995) , and qualitatively the same as reported values from backarc systems related to silicic arc magma (Mottl et al., 2011; Reeves et al., 2011) .
Phase separation beneath the seafloor
The end-member concentration of each component is plotted against the end-member concentration of Clat each site in Fig. 5 . Even though their absolute values show a variation for each site (Table 2) , the data points lie on straight lines passing through the origin, and in general the ratio of each component to that of Clis specific to Hatoma Knoll. There are several exceptions, namely, Si, CO 2 , CH 4 , and H 2 , and the latter three are volatile components. These results suggest that the hydrothermal fluids were derived from a single hydrothermal source, and that the fluids boiled beneath the seafloor, causing segregation of vapor and brine (Berndt and Seyfried Jr., 1993) . Thus, although it might seem that the hydrothermal system includes multiple hydrothermal sources, the hydrothermal fluids are in fact derived from a single source that has undergone phase separation (Butterfield et al., 1994b; Foustoukos and Seyfried Jr., 2007; . As a result, dissolved ions have become concentrated in the liquid phase and volatile components have become concentrated in the vapor phase. In fact, the lower the end-member Clconcentrations were, the higher the concentrations of volatile components tended to be ( Figs. 5h and 5i) , supporting the inference that phase separation occurred beneath the seafloor prior to venting from the seafloor. The end-member Si concentration of a hydrothermal fluid can be used to estimate the temperature and pressure conditions at which the hydrothermal fluid equilibrated with quartz (Von Damm et al., 1991) . We therefore plotted end-member Si concentrations against maximum observed hydrothermal fluid temperatures (Fig. 6 ). By assuming a maximum temperature of 325∞C and a water depth at the seafloor of 1500 m (Table 1a) , we calculated the equilibrated concentration of Si with quartz to be about 13.5 mM in the hydrothermal fluid (a star in Fig. 6 ). The detected concentrations of Si in the hydrothermal fluids from Hatoma Knoll, however, do not reach this value. Low-Clfluids have usually low-Si contents for effects of phase separation (Von Damm et al., 1991) . It suggests the fluids do not reach re-equilibrium conditions for Si with quartz at the seafloor. Instead, the hydrothermal fluids must boil just before venting from the seafloor, preventing the Si concentrations from achieving equilibrium with quartz in the hydrothermal fluids.
As mentioned in Subsection "End-members of the Hatoma hydrothermal fluids", especially the Gusuku fluids were venting as a flame-like appearance, caused by a small jet of H 2 O vapor (Butterfield et al., 1990 (Butterfield et al., , 1994b Hannington et al., 2001; Massoth et al., 1989; Stoffers et al., 2006) . This is the visual evidence of phase separation at the seafloor of ~1474 m depth. Theoretically, when the 2-phase boundary for seawater at this depth is ~340∞C (Bischoff and Rosenbauer, 1985) , but the temperature is only 320-325∞C (Table 1a ). Nevertheless, the widespread compositional variability shown in very low-Mg samples Fig. 6 . End-member Si concentrations and maximum temperatures observed at each site in the Hatoma hydrothermal field. In addition, quartz saturation curves from (Von Damm et al., 1991) are shown for pressures of 100-1000 bars as a function of temperature.
for the Gusuku samples, both for gases and anions/cations (Figs. 2-4) , suggests each individual sample of vent fluid can contain differing vapor versus brine ratios and gases. This is simply due to in-situ phase separation and partial/incomplete segregation. Thus, many evidences show phase separation is occurring at the seafloor, but the measured temperatures are too low for boiling at the seafloor. This discrepancy between temperatures and compositions/observations could be explained by extraordinarily high CO 2 concentrations, likely near or above solubility at seafloor conditions. Generally, when some gases, including CO 2 , input into hydrothermal fluids, phase separation can occur at higher pressure compared to the occurrence without a gas input (Takenouchi and Kennedy, 1964) . Actually, we observed gas bubbles at C2 vent at Gusuku site as shown in Table 1a , and in this case, phase separation means CO 2 gas bubble formation rather than water-steam separation. Thus, below the boiling point of seawater, CO 2 bubble forms to perform a 'flashing' phenomenon and fake chemical compositions similar to occurrence of phase separation.
Comparison of the chemical components among the sites shows that the Clconcentration was lowest at Gusuku, in particular at the C2 vent. Thus, we infer that active phase separation occurs in the subsurface in the C2 vent at Gusuku. The maximum observed temperature of the hydrothermal fluid was also recorded at the C2 vent (Table 1a ). Together, these results suggest that the highest level of hydrothermal activity occurs at the Gusuku C2 vent. The Gusuku vent site is nearest to the heat source, followed by Agari and Oritori; Chura, on the western wall of the crater, is relatively far from the heat source in Hatoma Knoll. The distribution of hydrothermal vents in the Hatoma crater can be seen in other caldera/crater systems (de Ronde et al., 2011) , where hydrothermal vents distribute at the center of caldera and the rims of caldera, because usually faults around the rims of caldera can provide very good conduits for fluid flow. At Brothers volcano of the Kermadec arc, two distinct vent fields, the Cone and NW Caldera sites, exhibit entirely different hydrothermal fluids (de Ronde et al., 2011) . At the Cone site, corresponding to the highest peak in the Brothers, gas-rich hydrothermal fluids diffuse at low temperatures (£122∞C) with acidic and metal-poor. On the other hand, the NW Caldera site is located at the rim of the Brothers Caldera, and focused, hot, moderate acidic, metal-rich, and gas-poor fluids are venting. In the case of the Brothers, presumably faults at the rim of the caldera would allow focusing of fluids (de Ronde et al., 2011) . At the Hatoma system, the Chura and Iri sites are located at the rims of the crater, but they are venting only low-temperature fluids, up to 75∞C and 226∞C, respectively (Table 2) . In this study, below the rim sites, possible faults could be not so large conduits to flow focused fluids at high temperature. Thus, the most vapor-rich fluids are venting from the C2 vent at Gusuku around the center of the crater. The characteristics of the hydrothermal fluid distribution at Hatoma Knoll are unusual among hydrothermal systems in the Okinawa Trough. In general, vapor-rich hydrothermal fluids are found farthest from the heat source because of the high mobility of vapor (Kawagucci et al., 2011; Suzuki et al., 2008) . However, the hydrothermal fluids at Gusuku are both the hottest and the most vapor rich in the Hatoma hydrothermal field. A possible explanation is that bubbling occurs just beneath the seafloor at Gusuku, so that the vapor phase does not have time to move very far. On the other hand, the brine phase, which is where salts not incorporated in the vapor phase should be, may be just missing, or it may remain below the seafloor (Expedition 331 Scientists, 2010).
Thus, phase separation occurs in the Hatoma hydrothermal system, and the system would have a single hydrothermal reservoir. Additionally, contrary to the other hydrothermal systems in the Okinawa Trough, the vapor phase does not move so far, because boiling could occur just beneath the seafloor. That could make Si concentrations in the fluids not equilibrated with quartz at in-situ temperature and pressure conditions. Moreover, as another characteristic, brine was not detected yet.
Fluid-rock interaction at the Hatoma hydrothermal system
Hydrothermal chemistry is controlled by temperature, pressure, and the chemical compositions of host rocks (Von Damm, 1995) . Hydrothermal systems at Hatoma Knoll in the Okinawa Trough show compositions poor in Na, and rich in Ca, K, and Li relative to EPR (Fig. 5 ), suggesting that the host rocks of the Hatoma hydrothermal systems are different from those of EPR (i.e., MORB). In fact, basalts and rhyolites are distributed at Hatoma Knoll in the Okinawa Trough, and the compositions of the basalts differ from that of MORB (Shinjo et al., 1999) . These host rocks contain an abundance of incompatible elements, dissolved elements in a liquid phase in equilibrium between solid and liquid phases rather than incorporated in a solid phase, such as K and Li, and they are characteristically observed in magma related to arcbackarc systems. The content of K in the volcanic rocks in the Okinawa Trough is around 10 times higher than that of MORB (Shinjo and Kato, 2000; Shinjo et al., 1999) . Moreover, the presence of terrigenous sediments from the Eurasian continent or Taiwan is a noteworthy characteristic of the Okinawa Trough (Dou et al., 2010a) . These sediments are composed mainly of illite (Diekmann et al., 2008) . A formula of illite is K 0.65 Al 2.0 [Al 0.65 Si 3.35 O 10 ](OH) 2 , which corresponds to K of 7%. On the other hand, chemical composition of MORB is 0.2% as K 2 O, corresponding to 0.08% as K (Melson et al., 2013) . Thus, illite is generally rich in K relative to MORB. The Hatoma hydrothermal systems in the Okinawa Trough are hosted by different rocks and/or sediments than MOR systems, and it would be the reason why the Hatoma hydrothermal fluids show a different chemistry from that of MOR hydrothermal fluids.
The positive d 18 O and negative dD values of the pure hydrothermal fluids for all Hatoma Knoll sites are plotted in Fig. 7 , in which the isotopic ranges of possible fluid sources and the direction of isotopic shifts due to phase separation and fluid reactions with basalt and sediments are also illustrated. Although hydrothermal fluids are originated from seawater, as shown in Fig. 7 , the isotope ratios of the Hatoma hydrothermal fluids deviate from those of seawater (in which both d 18 O and dD are 0‰), suggesting that the hydrothermal fluids have mixed with other sources than seawater or that the isotope values have shifted as a result of reactions between originated seawater and ambient solid phases during fluid circulation. Because hydrothermal systems are associated with a heat source such as magma, which is derived from the upper mantle, primordial water in the mantle is another possible fluid source (Ohmoto, 1986; Taylor, 1979) . However, the observed isotopic signatures do not lie on the trend line predicted by simple mixing between mantle-derived water and seawater (Fig. 7) . Nor can a shift due to reactions between the fluid and basalt account for the signatures (Shanks et al., 1995) . Phase separation results in negative d 18 O and positive dD values in the vapor phase . As described above, the chemical features of the Hatoma hydrothermal fluids indicate the occurrence of phase separation; in particular, Clconcentrations at Gusuku are lower than at the other sites, suggesting that phase separation has influenced the chemistry at Gusuku. The d 18 O and dD values at Gusuku are slightly more negative and more positive, respectively, than at the other sites ( Fig. 7) , suggesting an effect of phase separation. However, as regards the overall trend, the shift of the end-members to more negative d 18 O and more positive dD values cannot be explained by the effect of phase separation. Therefore, phase separation does not mainly control the isotopic compositions of the Hatoma hydrothermal fluids.
A leading candidate explanation for the observed features at Hatoma, subducted water, has positive d 18 O and negative dD values, because of degassing from felsic magma (Giggenbach, 1992; Hedenquist and Lowenstern, 1994) . In fact, fluids with positive d 18 O and negative dD values have been observed in a shallow hydrothermal system in Kagoshima Bay, along the Ryukyu Arc , and in other hydrothermal systems in arc-backarc systems (Mottl et al., 2011; Reeves et al., 2011) , and these values have been attributed to the influence of subducted water. As shown in Fig. 7 , the Hatoma isotopic compositions seem to lie along a trend line for simple mixing between seawater and subducted O and dD values from the Hatoma vent field, with postulated compositions of mantle-derived water (Ohmoto, 1986; Taylor, 1979) and subduction-related volcanic vapors (Giggenbach, 1992; Hedenquist and Lowenstern, 1994) . Arrows indicate shifts due to reactions of hydrothermal fluids with sediment or basalt (Shanks et al., 1995; Von Damm et al., 2005). water, suggesting that the hydrothermal source was influenced by felsic magmatic water. This inference is consistent with the geological setting of Hatoma Knoll in an arc-backarc system (Sibuet et al., 1987) . Furthermore, another leading candidate explanation for the positive d 18 O and negative dD values is that they are produced by extensive reactions between hydrothermal fluids and sediments covering the hydrothermal systems (Shanks et al., 1995) . The presence of overlying sediments is an important characteristic of hydrothermal systems in the Okinawa Trough. Thus, the isotopic signatures can be explained either by the mixing of seawater with subduction-related volcanic vapors or by fluid-sediment interactions, or both (Fig. 7) . Although we cannot isolate the cause of these isotopic signatures, it is certain that the water isotopes did not derive from reactions with only basalts. It is clear that the water isotopes of the Okinawa Trough hydrothermal systems differ from those of MOR systems, in which reactions occur only with MORB (Shanks et al., 1995) .
Influences of sediments on Hatoma hydrothermal chemistry
We compared He isotope ratios in MOR hydrothermal systems (Fig. 8 , black symbols) with those in backarc systems (blue symbols) and in arc systems (red symbols), as well as with the ratios in sediment-covered systems (filled symbols). In MOR hydrothermal systems, He isotope values are around 8, those in backarc systems are mainly higher than 8, and those in arc systems are around 8 (Fig. 8) . In all three types of hydrothermal system, however, the values are lower when the systems are sediment covered than when they are sediment starved. Moreover, the Okinawa Trough hydrothermal systems have the lowest values among world hydrothermal systems (Fig. 8) . The He isotope ratios in the arc hydrothermal fluids do not show such low values, indicating that subducting materials including oceanic crust and sediments do not lower the ratios in the hydrothermal fluids. The thing lowering the ratios would be covering sediments on the hydrothermal systems. In the Okinawa Trough, the covering sediments are derived from Eurasian continental crust or Taiwan (Dou et al., 2010a) , and this old continental crust is rich in U and Th, which means that much 4 He is supplied by radioactive decay. This 4 He is then supplied to the hydrothermal fluids, leading to their having lower He isotope ratios. As a way of the supply, the hydrothermal fluids react with the sediments, of course. As another way, pore water in the sediments is enriched in 4 He, and when the pore water is recharged in the hydrothermal system, it would lead the hydrothermal fluids to increase of 4 He. In either way, it indicates the covering sediments have some impacts on the hydrothermal chemistry. Such an interpretation is supported by the enrichments of I, NH 4 + , and B, the components derived from organic matter (e.g., Fig. 5g ).
Carbon isotope ratios of CO 2 in the hydrothermal fluids at Hatoma Knoll differ from site to site, ranging from -16.2‰ at Iri to -3.4‰ at Gusuku (Table 2) . Carbon dioxide in hydrothermal fluids can originate from either organic carbon or inorganic carbon. The range of carbon isotope ratios differs depending on the origin of the CO 2 , as shown in Fig. 9 (Jenden et al., 1988) . The carbon isotope ratios associated with CO 2 from organic matter depend on the degradation process. In general, degradation of organic matter results in CO 2 d 13 C values of -30‰ to -20‰ (Jenden et al., 1988) . In a semi-closed surface sediment system, however, methane oxidation coupled with sulfate reduction occurs, resulting in CO 2 d 13 C values lower than -30‰. In contrast, in oil fields, carbon dioxide produced by secondary methanogenesis has extraordinary 13 C-rich isotope ratios, as high as +20‰. CO 2 from inorganic carbon sources has a d 13 C value between -10‰ and 0‰. Such values have been detected in MOR hydrothermal fluids along with 3 He-rich He isotope ratios. CO 2 in seawater has a d 13 C value of around 0‰. Hydrothermal fluids are originated from seawater, the seawater permeates rocks and sediments, and reacts with those solids of seafloor. Or volcanic gases input into the fluids, and the chemistry changes from that of the original seawater. As the first step, CO 2 in the seawater has d 13 C(CO 2 ) = 0‰, and the seawater encounters carbonates and organic carbon beneath the seafloor. Carbonates produced by plankton in seawater have d 13 C values of around 0‰, and these carbonates are found in seafloor sediments. Carbonate contents in seafloor sediments, inorganic carbon ratios, are area dependent; in the MOT, they are about 16% and in the SOT, they are about 7% (Chang et al., 2005) . Organic carbon ratios in both these areas are about 0.6% (Chang et al., 2005) . For comparison, a sediment trap deployed in an area seaward of the Ryukyu Trench trapped about half as much organic carbon and a quarter as much inorganic carbon as are found in MOT area (Honda et al., 1997) . The carbon isotope ratios of the covering sediments in the Okinawa Trough and of subducting materials in the Ryukyu Trench can be estimated from the proportions of organic and inorganic carbon in the materials in each area. The estimated carbon isotope ratio of the covering sediments is about -1‰, and that of the subducting materials to be about -2‰. Volcanic gases are a mixture of CO 2 of MOR systems with that in the subducting materials. For example, the carbon isotope ratio of subducting materials in Izu-Ogasawara Trench was estimated to be -1.2‰ by assuming that organic carbon composed <1% and inorganic carbon 7% of the subducting sediments (Tsunogai et al., 1994) . This fact can be found, as shown in Fig. 9 , that d 13 C(CO 2 ) in the arc-backarc hydrothermal fluids is rich in 13 C relative to that in the MOR hydrothermal fluids. Relative to the those in the arc-backarc hydrothermal fluids, all of the d 13 C(CO 2 ) values in the Okinawa Trough hydrothermal fluids are 12 C-rich. In the Hatoma hydrothermal fluids, the d 13 C(CO 2 ) values ranging from -16‰ to -3‰ belongs a group of the lowest and highest values among the Okinawa Trough hydrothermal fluids (Fig. 9 ). In pore water, d 13 C(CO 2 ) values are as low as -40‰ in near-surface sediments, while those are almost constant at around 0 ± 5‰ in sediments from around 100 mbsf to ~1000 mbsf (Claypool and Threlkeld, 1983; Lyon, 1973; Pisciotto and Mahoney, 1981; Schoell, 1982; Toki et al., 2012) . Those values are due to isotopic fractionation of microbial methanogenesis utilizing CO 2 derived from organic matter (Claypool and Kvenvolden, 1983; Galimov and Kvenvolden, 1983) . But CO 2 in pore water in deeper sediment around 1000 mbsf, especially in the high thermal gradient area such as off Muroto, is derived from thermal decomposition of organic matter, d 13 C(CO 2 ) values in the pore water get close to -20‰ , because thermal decomposition of organic matter occur above 80∞C (Quigley and Mackenzie, 1988) . These CO 2 derived from thermal decomposition of organic matter is often found accompanying natural gases (Jenden et al., 1988) . Around hydrothermal systems, thermal decomposition would occur at shallower layers than in normal seafloor. Actually, deep-sea drilling was conducted in a sediment-covered hydrothermal field of Escanaba Trough, d 13 C(CO 2 ) values in the void gases showed around -15‰ , but d 13 C(CO 2 ) values in the vent fluids in Escanaba Trough showed around -3‰ , which is an issue of a mixing ratio. The end-member d 13 C(CO 2 ) values in the Hatoma hydrothermal fluids between -13‰ and -8‰ cannot be explained by a mixture between CO 2 in MORB, that in subducting materials, and that in pore waters, suggesting that CO 2 derived from thermal decomposition of -20‰ has no small influence on the Hatoma hydrothermal fluids (Fig.   Fig. 9 . Relationship between d 13 C(CO 2 ) and CO 2 in dissolved gases in hydrothermal fluids from all of the sites of the Hatoma hydrothermal system and in natural gases. The shaded areas are defined based on values of d 13 C(CO 2 ) reported by Jenden et al. (1988) . Symbols as in Fig. 8 . The data from Von Damm et al. (2002) for EPR, Charlou et al. (2002) for MAR, Kumagai et al. (2008) for CIR, Welhan and Lupton (1987) for Guaymas Basin, Tsunogai et al. (1994) for Suiyo seamount, Gamo (1995) for Forecast, Konno et al. (2006) for Yonaguni IV Knoll, Mottl et al. (2011) for Lau Basin, Reeves et al. (2011) for Manus Basin, Ishibashi et al. (1994) for North Fiji Basin, Gamo (1995) for Alice Springs, Toki et al. (2015) for the Southern Mariana Trough, Kawagucci et al. (2013b) for Minami-Ensei Knoll, Kawagucci et al. (2011) for Iheya North Knoll, Ishibashi et al. (2014) for JADE and HAKUREI sites in Izena Caldron. 9). This inference is supported by the chemical compositions of the hydrothermal fluids, such as their NH 4 + , I, and B concentrations. These chemical components, which are derived from organic matter decomposition, clearly influence the chemistry of the Hatoma hydrothermal fluids. It is therefore reasonable to infer that the CO 2 originates in part from organic carbon. The concentrations of CO 2 in the hydrothermal fluids at Hatoma are much higher than concentrations in MOR hydrothermal fluids (Fig. 5h) . High CO 2 concentration in the Izena hydrothermal fluids are derived from the subducting slab (Ishibashi et al., 1995; Sakai et al., 1990a) . This difference of the origin of CO 2 is due to the different d 13 C(CO 2 ) values in the Izena and Hatoma hydrothermal fluids; from -5.0 to -4.7‰ in the Izena fluids (Ishibashi et al., 1995) , on the other hand from -16 to -3‰ in the Hatoma fluids (Table  2 ). In the Iheya fluids from -10.1 to -6.1‰, the CO 2 was mainly derived from subducting slab (Kawagucci et al., 2011) , but they did not deny the possibility of thermogenic CO 2 . Even in this study, the influence of thermogenic CO 2 is not so large, the main source of CO 2 in the Hatoma hydrothermal fluids would be a mixture of CO 2 in MORB, subducting materials, or pore water. It is noteworthy that all of the d 13 C(CO 2 ) values in the Okinawa Trough hydrothermal fluids are enriched in 12 C relative to the sediment-starved arc-backarc hydrothermal fluids ( Fig. 9 ), suggesting that thermogenic CO 2 should influence on the CO 2 in the Okinawa Trough hydrothermal fluids. Next, Thermal decomposition generates also thermogenic methane, so we discuss the origin of the methane in the Hatoma hydrothermal fluids.
About methane in hydrothermal fluids, as Kawagucci et al. (2013b) complied very well, we can observed only mM order of methane in EPR (Welhan and Craig, 1983) . Originally, methane in seawater is just only nM order, and it is not generated from MORB so much (McCollom and Seewald, 2007) . The largest source of methane in hydrothermal fluids is sediment (Kawagucci et al., 2013b) , and the generation pathway of methane in the sediments is two different processes; microbial methanogenesis or thermal decomposition of organic matter in sediments. Microbial methanogenesis occurs at a lower temperature condition than 122∞C (Takai et al., 2008a) , on the other hand, thermal decomposition of organic matter occurs at a higher temperature condition than 80∞C (Quigley and Mackenzie, 1988) . We have long used Bernard plots to assess the origin of methane in natural gas studies (Bernard et al., 1976) . Recently a new method of evaluating hydrocarbons in hydrothermal systems has been proposed by Kawagucci et al. (2013b) . Like Bernard plots, this new method also uses the relationship between carbon isotope ratios (d 13 C(CH 4 )) and the concentration ratios of light hydrocarbons (CH 4 /(C 2 H 6 +C 3 H 8 ) = C 1 / (C 2 +C 3 )). However, the combinations of d 13 C(CH 4 ) and C 1 /(C 2 +C 3 ) that indicate whether methane is of microbial or thermogenic origin differ from those of a Bernard plot. According to Kawagucci et al. (2013b) , microbial methane d 13 C(CH 4 ) = -100‰ to -30‰ and C 1 /(C 2 +C 3 ) > 10 4 , whereas the corresponding values of thermogenic methane are -30‰ < d 13 C(CH 4 ) < -20‰ and 10 0 < C 1 / (C 2 +C 3 ) < 10 2 . Kawagucci et al. (2013b) adopted -100‰ to -30‰ for d 13 C(CH 4 ) of microbial methane based on isotopic fractionation factors from many incubation experiments and d 13 C of the substrates. Data from many cores of subseafloor sediments obtained by the Deep Sea Drilling Project from the world's oceans show that, except in particular environments such as near oil or gas fields, d 13 C(CH 4 ) values of hydrocarbons in near-surface sediments are around -85‰, whereas in sediments from around 100 mbsf to ~1000 mbsf, d 13 C(CH 4 ) values are almost constant at around -70‰ (Berner and Bertrand, 1991; Claypool and Threlkeld, 1983; Galimov et al., 1980; Lyon, 1973; Pflaum et al., 1986; Pisciotto and Mahoney, 1981; Schoell, 1982; Toki et al., 2012; Waseda and Didyk, 1995; Whiticar and Faber, 1987) . Similarly, C 1 /(C 2 +C 3 ) values are almost constant between 10 3 and 10 4 (Berner and Bertrand, 1991; Claypool and Threlkeld, 1983; Galimov et al., 1980; Pflaum et al., 1986; Schoell, 1982; Toki et al., 2012; Waseda and Didyk, 1995; Whiticar and Faber, 1987) . Thus, we adopted a value of -70‰ for d 13 C(CH 4 ) and 10 3 -10 4 for C 1 /(C 2 +C 3 ) ratio of microbial methane.
The d 13 C(CH 4 ) value of thermogenic methane depends on the d 13 C value of the organic matter substrate from which it is produced. Sheu et al. (1999) reported d 13 C values of sediment to range from -25‰ to -21‰ in the East China Sea generally, but from -25‰ to -23‰ at water depths of more than 1400 m in the SOT area. Moreover, the d 13 C(CH 4 ) values of thermogenic methane generated from this sediment substrate are known to be close to the substrate value when the precursor sediment is relatively mature during a mature stage, but lower than the substrate value when the sediment is less mature (Berner and Faber, 1996) . When the substrate from which thermogenic methane is generated is sediment, its maturity is moderate, as indicated by vitrinite reflectances between 0.5 and 2.0% R o (Berner and Faber, 1996) . Using an equation proposed by Berner and Faber (1996) , we calculated that the d 13 C value of thermogenic methane generated from bulk sediment should be in the range of -32‰ to -25‰. Taking into account this range, along with the range (-25‰ to -23‰) reported by (Sheu et al., 1999) for the SOT area, we adopted -32‰ < d 13 C(CH 4 ) < -25‰ as the range for thermogenic methane in the Okinawa Trough.
The propane end-member concentration for the Hatoma hydrothermal fluid could not be calculated; in-stead, we calculated C 1 /C 2 ratios using the endmember CH 4 and C 2 H 6 concentrations ( Table 2 ). The propane concentrations would be one digit smaller than those of ethane in the hydrothermal fluids; even if they were detected, the C 1 /(C 2 +C 3 ) ratios that ideally we would like to use might be about 10% smaller than the C 1 /C 2 ratios. In Fig.  10 , we plotted the C 1 /C 2 on a logarithmic scale, so a deviation of just 10% would be smaller than the size of the symbol. The relationship between d 13 C(CH 4 ) and C 1 /C 2 ratios in the Hatoma hydrothermal fluids at each site is shown in Fig. 10 along with the assumed locations of the microbial and thermogenic end-members. The locations of the Hatoma sites in relation to the mixing line suggest that the origin of methane in the hydrothermal fluid is mostly microbial. In the MMR model, the hydrothermal system in Hatoma Knoll is classified as the Iheya North type (Kawagucci, 2015) , in which microbial methane is dominant in the hydrothermal fluids. Thus, our inference that the methane at Hatoma is of mostly microbial origin is consistent with this model. We therefore conclude that the methane in the Hatoma hydrothermal fluids is a mixture of mainly microbial and a little thermogenic meth-ane. In our data, however, the hydrocarbons of the samples are relatively CH 4 -rich compared with the expected mixing line (Fig. 10) . A possible explanation is that thermal decomposition occurred above 275∞C (Kawagucci et al., 2013b) , or molecular fractionation may have occurred during the long transport of the sediment column (Fuex, 1980) . Microbial methane is generated at relatively low temperatures, so our results suggest that the methane in the Hatoma hydrothermal fluid was supplied from sediments under low-temperature conditions, which is consistent with methane generated in a recharge zone of the hydrothermal system, as indicated by the MMR model. Therefore, these results are another indication that the covering sediments affect the hydrothermal chemistry at Hatoma Knoll. Kawagucci et al. (2011) have suggested that microbial methane is vented from several hydrothermal systems around the world: Endeavour, Guaymas, Middle Valley, and Iheya North. Because microbes cannot live in the discharge area, they suggested that methane in pore water in the recharge area of these hydrothermal systems enters the hydrothermal fluid. This is the "MMR model" (Microbial Methanogenesis in the Recharge area of hydrothermal circulation) (Kawagucci et al., 2011) . In Hatoma Knoll, the methane in the hydrothermal fluids is mostly derived from microbial production, so the Hatoma hydrothermal system is consistent with the MMR. Moreover, the d 13 C(CH 4 ) values in the Hatoma hydrothermal fluids are the lowest among the Okinawa hydrothermal fluids, and the body of Hatoma Knoll is small relative to those of other Okinawa Trough hydrothermal systems (Kawagucci, 2015) . These facts indicate that, relative to the size of the Hatoma body, a large recharge zone could lead the d 13 C(CH 4 ) values to the lowest among the Okinawa fluids. Determining the scale of the recharge zone is a topic for future research of hydrothermal systems through direct drilling or newly developed imaging techniques with a high-resolution.
Hydrothermal circulation at Hatoma Knoll
CONCLUSION
We investigated the chemical and isotopic compositions of hydrothermal fluids in Hatoma Knoll in the Southern Okinawa Trough. The concentrations of most chemical components plotted linearly, mostly along two lines, against Mg concentrations, suggesting that the chemical composition of the hydrothermal fluids can be explained as a mixture of two different pure hydrothermal fluids and seawater. Although the end-member concentrations of the chemical components, calculated by extrapolating Mg to 0 mmol/kg, indicated two source fluids, the endmember concentration ratios were mostly consistent, sug- Fig. 10 . Relationships between the carbon isotopic composition of methane and the C 1 /C 2 ratio of volatile hydrocarbons in high-temperature fluids from the Hatoma Knoll hydrothermal system. Light gray shading shows the ranges of values attributed to microbial and thermogenic methane gas. The dashed line denotes the mixing curve between the microbial end-member (open star) and the thermogenic end-member (solid star).
gesting that the hydrothermal fluids were derived from a single pure hydrothermal fluid source that underwent phase separation beneath the seafloor before venting. The end-member Clconcentrations were all lower than the seawater concentration, suggesting that only a vapor phase vents from the Hatoma system. The highest temperature fluid with the lowest Clconcentration was from vents in the vicinity of the center of the crater (at Gusuku, Oritori, and Agari), suggesting that this area is the center of hydrothermal activity. Compared to other hydrothermal fluids in the world, the Hatoma hydrothermal fluids have higher pH, alkalinity, and NH 4 + , B, K, Li, CH 4 , and CO 2 concentrations, but lower Fe and Al concentrations, suggesting that they have a similar characteristics to those of the other Okinawa Trough hydrothermal fluids. The positive d 18 O and negative dD values of H 2 O in the hydrothermal fluid suggests that the fluids are influenced by sediments or subducted-related volcanic vapors. The low 3 He/ 4 He values relative to those of the other hydrothermal fluids indicate that much of the helium was of crustal origin, including sediments. The crustal helium could have originated from the covering sediment in the Okinawa Trough or pore waters in the sediments. Based on the d 13 C of CO 2 in the hydrothermal fluids, the CO 2 in the hydrothermal fluids would be influenced by CO 2 derived from thermal decomposition of organic matter, but mainly from that in mantle, subducting materials, or pore waters. d 13 C(CH 4 ) values in the hydrothermal fluids indicate that most of the CH 4 was of microbial origin in the pore waters. The microbial methane contribution is higher than that in most other hydrothermal systems and comparable to that in the Iheya North system. The Hatoma Knoll hydrothermal system is an MMR type-system, meaning that microbial methanogenesis occurs in pore waters in the sediments in the recharge zone. Sediments influence all Okinawa Trough hydrothermal systems, but the Hatoma hydrothermal system d 13 C(CH 4 ) values are the lowest among these systems, suggesting that the Hatoma hydrothermal system is the most highly influenced by the sediments in the recharge zone among the Okinawa Trough hydrothermal systems. Therefore the degree of the sediment influences has a variation in the Okinawa Trough hydrothermal field.
